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The study of small population genetics is of clear relevance to conservation, where low genetic diversity may be associated with reduced fitness (Spielman et al. [@CR29]). However, the consequences of having low genetic diversity for species with persistently small populations, such as isolated endemics living in restricted habitats, are less clear. In particular, we need a better understanding of the extent to which low diversity may limit a species' ability to adapt to new challenges, such as novel pathogens or climate change.

Genetic variation can be maintained in small populations in several ways. Lower organisms appear able to evolve higher mutation rates in response to need (Sniegowski et al. [@CR28]). For higher organisms, a more likely mechanism involves balancing selection. Many studies report a link between particular genetic markers and some measure of fitness, particularly associated with resistance to pathogens (Acevedo-Whitehouse et al. [@CR1]). Wherever such selection acts, neighbouring chromosomal regions will tend to have deeper gene trees and hence carry more variability (Charlesworth et al. [@CR7]).

The Raso lark *Alauda razae* provides an interesting test case to ask how much variation can be maintained in a species with a tiny long-term effective population size. Since its description in 1898, this Cape Verdes endemic has been confined to the 7 km^2^ island of Raso where intermittent counts have recorded population fluctuations between about 15 and 130 pairs, with the population sex ratio often showing a strong male bias (Donald et al. [@CR11], [@CR12]; M. de L. Brooke, pers. obs.). When, during Pleistocene sea level minima, Raso was connected to adjacent islands, the lark may have had a wider range and larger population. Under this scenario, recently confirmed by sub-fossil remains (Mateo et al. [@CR22]), the lark would have been present on other islands (Branco, Santo Antão, Santa Luzia, São Vicente) when the Cape Verdes were first discovered and populated about 550 years ago. If these other lark populations disappeared because of habitat changes and/or the introduction of alien predators, the species would have become confined to Raso (Donald and Brooke [@CR10]). Whatever the precise history, we can be confident the species has persisted for over 100 years at a population size of less than 300 animals, and often far fewer. For these reasons, it is classified as Critically Endangered (<http://www.birdlife.org/datazone>).

The Raso lark should harbour very little variability. With an effective population size (*N*~e~) of \~50 and a microsatellite mutation rate, μ, of 10^−3^ per generation, the upper end of the range of rates reported (Brinkmann et al. [@CR3]; Kayser et al. [@CR18]; Xu et al. [@CR30]), at mutation-drift equilibrium the expected heterozygosity, *h*, would be only \~16%, compared with 60--80% typical of most other species ($\documentclass[12pt]{minimal}
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                \begin{document}$$ h = 1 - {\frac{1}{{\sqrt {1 + 8N_{\text{e}} \mu } }}} $$\end{document}$: Ohta and Kimura [@CR23]). Actual levels of diversity will depend on how close the population is to equilibrium, and the severity of past bottlenecks. To determine the level of diversity persisting in this population we conducted an extensive survey of microsatellite markers in samples collected between 2004 and 2006 from 92 larks, roughly half the total number of individuals in the world available to be sampled in this period (M. de L. Brooke, unpubl. data).
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Raso larks were caught with mist nets, ringed to establish individual identity, and reliably sexed using the marked sexual dimorphism in wing and bill size (Donald et al. [@CR12]). Our sample comprised 61 males and 31 females. After cleaning the bird's skin with ethanol, a drop of 0.5 M EDTA was placed on the brachial vein, which was then pricked. The resultant drop of blood was transferred immediately to EDTA-moistened filter paper, which was then air dried in the field. The filter paper strip was kept dry and separated from other samples, on silica gel, until transfer to a −70°C freezer.

DNA was purified using a salt extraction method (Richardson et al. [@CR27]). Thirty-five microsatellite loci were screened for amplification and polymorphism in eight randomly chosen adult Raso larks (Table [1](#Tab1){ref-type="table"}). These loci were chosen either because they were available in our laboratory, or using information from the BIRDMARKER webpage (<http://www.shef.ac.uk/misc/groups/molecol/deborah-dawson-birdmarkers.html>). Loci showing good amplification and polymorphism (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}) were then used to genotype all 92 Raso lark samples. PCR reactions were carried out in a 10 μl volume containing 20--50 ng DNA, 0.2 mM of each dNTP, 0.5 μM of each primer, 10 mM Tris--HCl, 50 mM KCl, 1.5 mM MgCl~2~ and 0.15 U Taq DNA polymerase (Roche Diagnostics GmbH, Mannheim, Germany), using a program of: 94°C for 1 min, 40 cycles of 94°C for 30 s, Ta for 45 s and 72°C for 45 s, followed by 72°C for 2 min (For locus specific Ta's see Table [2](#Tab2){ref-type="table"}). Fluorescently labelled PCR products were separated on an ABI 377 automatic sequencer and allele lengths determined using Genescan 3.1 software.Table 1Microsatellite primers tested for amplification and polymorphism in Raso lark (*n* = 8)MarkerPCR amplificationAar2NAAar4MAar8MAse3MAse4NAAse6NAAse9PAse10MAse18PAse25NAAse27NAAse35NAAse37PAse42NAAse48NAAse56MAse58NACalex01MCalex08PCuμ4PEsc2NAEsc6MFhu2MHru2PHru7NALei160MLox1MMcy4MMjg1NAMme12PPca7MPca9NAPdo5MPocc6MPpi2NA*NA* no amplification, *M* amplification but monomorphic, *P* amplification and polymorphicSee Supplementary Material for information on studies originally describing these markersTable 2Characteristics of seven polymorphic microsatellites in Raso lark (*n* = 92)LocusTa\# allelesAllele lengthSpecies where microsatellite first identified and found to be autosomalAse9552135, 139*Acrocephalus sechellensis*Ase18557203, 205, 214, 218, 220, 222, 224*Acrocephalus sechellensis*Ase37502214, 236*Acrocephalus sechellensis*Calex08552198, 228*Charadrius alexandrinus*Cuμ4552125, 127*Catharus ustulatus*Hru2502119, 140*Hirundo rustica*Mme12502165, 172*Melospiza melodia*Ase---Richardson et al. ([@CR26]), Calex---Küpper et al. ([@CR19]), Cuμ---Gibbs et al. ([@CR14]), Hru---Primmer et al. ([@CR24]), Mme---Jeffery et al. ([@CR17])
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Thirty-three of the 35 microsatellite primers screened had been developed for other passerine species where cross-species and cross-family utility of primers is well established (Dawson et al. [@CR8]), while the remaining two had been developed for non-passerine species, a plover *Charadrius alexandrinus* and the chicken *Gallus gallus*. Fourteen failed to amplify. Of the remainder, another 14 showed no variation but seven were polymorphic in Raso larks (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}). Of the polymorphic markers, six appear to be sex-linked. At four loci (Ase9, Ase37, Hru2, Mme12), all females were heterozygous while all males were homozygous for one, and only one, of the two female alleles. Despite our modest sample size, the probability of 61 males all being homozygous for an allele at frequency 0.83 \[=(61 × 2 + 31)/184\] is 1.6 × 10^−10^, while the probability that all 31 females are heterozygous is 7.4 × 10^−18^, giving a combined probability of 1.24 × 10^−27^. However, given the likely presence of many relatives in such a small population, a more conservative calculation would be of the probability, given the observed numbers of heterozygotes and homozygotes, that these correspond perfectly to the two sexes. The chance that all 31 heterozygotes are female is given by (31/92) \* (30/91) ··· \* (1/62) = 3.3 \* 10^−25^, allowing extremely confident rejection of the null hypothesis that these are autosomal markers. The most parsimonious explanation of our data is that the W and Z chromosomes each carry one allele, this allele differing between the two chromosomes (in birds the female is the heterogametic sex). At one further locus (Ase 18), all females were heterozygous for allele 205 and another allele, while none of the males carried allele 205. Here, a similar calculation can be made (31 animals carry the 205 allele and these are all the 31 females), so it seems that the W chromosome is fixed for allele 205 while the Z chromosome is polymorphic, carrying one of six alleles, but not allele 205. This locus is the only one at which we found more than two alleles, perhaps hinting that it lies near a gene where selection favours diversity. At the last putatively sex-linked locus (Cuμ4), all 31 females were 125 homozygotes while, of the males, 39 were '125:125' homozygotes, two '127:127' homozygotes and 20 '125:127' heterozygotes. This pattern is highly unlikely for a neutral autosomal locus (all 31 females have the same genotype that is present in 71 of 92 animals, *P* = (71/91) \* (70/90) \* ··· (40/62) = 0.000043). Arguably more likely is that the marker lies on the Z chromosome only. Then, by chance, all 31 females in our sample could have inherited a 125-carrying Z chromosome. This scenario is about 117.5 times as likely as an autosomal location, but nevertheless rather improbable (frequency of 125 allele = 0.843, *P* = 0.843^31^ = 0.005). However, it should be remembered that our sample contains many relatives that are not independent observations, increasing the chance of a significant deviation from random expectation. The final locus (Calex 08) appears to be a normal autosomal locus with two alleles.

Discussion {#Sec4}
==========

To find any appreciable microsatellite polymorphism in the Raso lark is rather unexpected, given the long-term small size of the population. That this preserved polymorphism is almost exclusively sex-linked is surprising for two reasons. First, none of these markers are reported to be sex-linked in the five species (Table [2](#Tab2){ref-type="table"}) from which they were originally developed. This was confirmed by writing to the authors, asking them to re-test for evidence of sex-linkage; all replied in the negative. In addition, Ase9, Ase18 and Cuu4 have been mapped to chicken autosomes three, three and five, respectively (Dawson et al. [@CR9]), confirming directly the lack of sex-linkage. Second, sex-linked loci are relatively rare. Surveying all issues of Molecular Ecology Resources in 2008, we found 413 new markers developed for 22 species of bird of which only 13 were sex-linked. Only a minority of studies explicitly test for sex-linkage, but of those that do, two large studies reveal 11 of 170 markers to be sex-linked (6.5%) (Jaari et al*.*[@CR16]; Leder et al. [@CR21]), significantly fewer (χ~1~^2^ = 39.9, using Haber's correction, *P* \< 0.001), than the six of seven we observed in Raso larks.

Our data further contrast with most other avian studies, which report sex-linked alleles on the Z chromosome only (Ellegren [@CR13]), with all females being phenotypically homozygous (= hemizygous). This reflects the generally much larger size of the Z relative to the W chromosome (75 Mb: 0.26 Mb in chickens) (Dawson et al. [@CR9]). W-linked loci are rare, though appear occasionally (Küpper et al. [@CR19]). Our data reveal a radically different pattern, with, in all but locus Cuμ4, homologous alleles occurring on both the Z and the W chromosomes. By implication, Raso lark sex chromosomes differ markedly from those of other birds. A clue as to what has happened is given by Bulatova ([@CR4]), who observed enlarged sex chromosomes in three species of lark, suggestive of either a fusion or a translocation of chromosomal material between the sex chromosomes and one or more autosomes. The three species, bimaculated lark *Melanocorypha bimaculata*, greater short-toed lark *Calandrella brachydactyla* (*cinerea*) and shore lark *Eremophila alpestris,* all have much larger geographic ranges than the Raso lark. Moreover, Ase18 has been genotyped in skylarks *Alauda arvensis* (Hutchinson and Griffith [@CR15]), where our re-analysis of the raw data reveals it is sex-linked, and in sparrows (S. Griffith, unpublished data), where we find it is autosomal.

With enlarged sex chromosomes, multiple markers showing a switch from autosomal to sex-linked patterns and allele distributions indicating homologous W and Z alleles, larks, and the Raso lark in particular, appear to have experienced wholesale transfer of material from the autosomes to the sex chromosomes. This transfer appears to have been recent, evidenced both by the unusually large sex chromosomes of some but not all larks, and by the presence of alleles on both the W and Z chromosomes. In most birds, the W chromosome is small, making sex-linked loci hemizygous and reflecting a frequent evolutionary pattern where one of the sex chromosomes tends to degenerate by mutation and loss of material (Charlesworth [@CR5]; Rice [@CR25]). Larks might be unusual in not suffering a degeneration of the W chromosome analogous to the widespread degeneration of the Y chromosome often seen in other animals (Charlesworth and Charlesworth [@CR6]), and also in experimental studies where autosomal material deliberately fused to the sex chromosomes suffers degeneration (Bachtrog and Charlesworth [@CR2]). However, it seems more likely to us that material from a recent autosomal translocation or fusion has had too little time for significant loss to occur. Since three of the six sex-linked loci could be mapped in the chicken genome, we can be confident that at least two autosomes are involved, not just one (an unlikely alternative is that two autosomes fused before a translocation to the sex chromosomes). Just why this has occurred remains unclear. The phenomenon of addition of autosomal material to the sex chromosomes, not dissimilar to that reported in humans (Lahn and Page [@CR20]), appears to be shared by several species of lark including species with large ranges and population sizes (Bulatova [@CR4]).

While the reasons for the transfer are unresolved, we note that it might plausibly provide a mechanism by which some level of heterozygosity could be maintained, even in the face of persistently small population sizes, the two sex chromosomes maintaining two lineages for all markers that reside on them. Small populations usually harbour little variability due to genetic drift, and this is particularly so for the sex chromosomes which, in the absence of strong diversifying selection, are expected to have smaller effective sizes than the autosomes. However, even though each of the sex chromosomes would tend quickly to become monomorphic in a small population, because the W and Z carry different copies, overall greater diversity would be maintained, at least until the W chromosome degeneration began in earnest. This remarkable observation of conserved sex-linked microsatellite diversity in the Raso lark highlights how rapidly genomic reorganisation can occur and provides a fascinating opportunity to study the evolution of autosomal material that has very recently come to lie on a well-established pair of sex chromosomes.
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